Understanding how genetic variation is partitioned across genomes within and among populations is a fundamental problem in ecological and evolutionary genetics. To address this problem, we studied the threespine stickleback fish, which has repeatedly undergone parallel phenotypic and genetic differentiation when oceanic fish have invaded freshwater habitats. While significant evolutionary genetic research has been performed using stickleback from geographic regions that have been deglaciated in the last 20 000 years, less research has focused on freshwater populations that predate the last glacial maximum. We performed restriction-site associated DNA-sequencing (RADseq) based population genomic analyses on stickleback from across Oregon, which was not glaciated during the last maximum. We sampled stickleback from coastal, Willamette Basin and central Oregon sites, analysed their genetic diversity using RAD-seq, performed STRUCTURE analyses, reconstructed their phylogeographic history and tested the hypothesis of recent stickleback introduction into central Oregon, where incidence of this species was only recently documented. Our results showed a clear phylogeographic break between coastal and inland populations, with oceanic populations exhibiting the lowest levels of divergence from one another. Willamette Basin and central Oregon populations formed a clade of closely related populations, a finding consistent with a recent introduction of stickleback into central Oregon. Finally, genome-wide analysis of genetic diversity (p) and correlations of alleles within individuals in subpopulations (F IS ) supported a role for introgressive hybridization in coastal populations and a recent expansion in central Oregon. Our results exhibit the power of next-generation sequencing genomic approaches such as RAD-seq to identify both historical population structure and recent colonization history.
Introduction
Biologists have long been interested in understanding the processes by which genetic variation is partitioned within and among populations (Wright 1931 (Wright , 1978 Dobzhansky 1937; Fisher 1958; Nielsen et al. 2007; Holsinger & Weir 2009) . Historically, empirical studies of these processes have been limited to just a handful of genetic markers (Holsinger & Weir 2009) , sometimes leading to difficulties in inferring very recent phylogeographic events because of insufficient genetic information (Emerson et al. 2010; McCormack et al. 2013 ). In addition, genetic variation can exhibit significant heterogeneity across genomes due to demographic processes such as recent colonization events and range expansion, or because of diversifying and stabilizing natural selection that is distinct from the background level of divergence caused by neutral processes such as genetic drift (Lewontin & Krakauer 1973; Maynard Smith & Haigh 1974; Baer 1999; Beaumont & Balding 2004; Storz 2005; Stinchcombe & Hoekstra 2008; Akey 2009; Nosil et al. 2009; Pritchard et al. 2010; Renaut et al. 2011) .
The recent development of next-generation sequencing technologies has lowered this methodological barrier, allowing detailed population-level genomic studies in ways that were not possible even a few years ago (Asmann et al. 2008; Mardis 2008a,b; Marguerat et al. 2008; Shendure & Ji 2008; Pool et al. 2010; Glenn 2011; McCormack et al. 2013; Fan et al. 2012; Hohenlohe et al. 2012b) . A useful model for population genomic studies is the threespine stickleback fish, Gasterosteus aculeatus (Wootton 1976; McPhail 1984; Peichel et al. 2001; Peichel 2005; Cresko et al. 2007; Jones et al. 2012) . This species diversified into three life history forms: marine, anadromous and freshwater (Bell 1984; Bell & Foster 1994) . Strictly marine stickleback fish spend their entire lives in the ocean, whereas anadromous stickleback fish spend adult life in the ocean and breed in fresh water (Foster & Baker 2004; Cresko et al. 2007) . Freshwater stickleback fish inhabit water bodies that are often partially or completely isolated from the sea.
Repeated, rapid divergence in new freshwater habitats has resulted in a G. aculeatus species complex as individuals from the phylogenetically stable marine ancestor have invaded new freshwater habitats (Bell 1994 (Bell , 2001 Bell & Andrew 1997) . In many regions of the Northern Hemisphere, the majority of the present-day freshwater populations of stickleback did not exist before the last glacial maximum approximately 15 000 years ago (Cresko et al. 2007 ). In addition, recent work has shown that in some cases, new freshwater populations have evolved in decades (Bell et al. 2004; Gelmond et al. 2009; Furin et al. 2012) . For example, the Great Alaska Earthquake of 1964 uplifted Middleton Island in the Gulf of Alaska by 3.4 m and created new freshwater sites, which anadromous stickleback subsequently colonized. Gelmond et al. (2009) found that even in the presence of marine stickleback, the freshwater environment provided sufficient selective pressure to drive rapid divergence of stickleback in the new ponds.
The repeated, parallel evolution of stickleback populations in fresh water provides a set of repeated natural experiments that are useful for testing evolutionary hypotheses at different scales of time and geographic distances (McKinnon & Rundle 2002; Cresko et al. 2004; Albert & Schluter 2005; Boughman et al. 2005; Colosimo et al. 2005; Kimmel et al. 2005 Kimmel et al. , 2012a Hohenlohe et al. 2010b) . The stickleback populations in hundreds of lakes across Alaska could only have been established within the last 15 000 years after the Laurentide and Cordilleran ice sheets receded (Fig. 1) . A surprising finding from studies of these relatively recently formed populations is that the same genomic regions are involved in adaptation to freshwater habitats in independently evolved populations (Colosimo et al. 2004 (Colosimo et al. , 2005 Cresko et al. 2004; Shapiro et al. 2004; Kimmel et al. 2005 Kimmel et al. , 2012a Knecht et al. 2007; Miller et al. 2007a,b; Chan et al. 2010; Hohenlohe et al. 2010b Hohenlohe et al. , 2012a Jones et al. 2012) .
Much less evolutionary genetic research has been performed examining the genomes of freshwater stickleback populations that may be significantly older than the last glacial maximum. Contemporary stickleback habitat in Oregon (USA) was not ice covered during the last glacial maximum (Fig. 1) , so we hypothesized that extant stickleback populations in Oregon may be older, providing an important opportunity to test the generality of previous population genomic results from recently deglaciated regions. We used Restriction-site Associated DNA sequencing (RAD-seq; Miller et al. 2007a,b; Baird et al. 2008; Davey & Blaxter 2010; Davey et al. 2011; Etter et al. 2011a,b) and Stacks software (Catchen et al. , 2012 this volume) to determine the fine-scale relationship of nine populations of threespine stickleback fish distributed across three different geographic regions in Oregon ( Fig. 2 and Table 1 ). Oregon's unique geographic history allows us to establish the relationship of these populations to one another, document patterns of genetic variation and genomic © 2013 John Wiley & Sons Ltd architecture and address a hypothesis of recent (<50 years) human introduction of stickleback into central Oregon locations. These results provide a foundation for subsequent studies of the partitioning of genetic variation across these Oregon populations and comparisons with previous findings from other evolutionary genetic studies of stickleback.
Methods

Sample collection and DNA extraction
The stickleback samples used in this study were collected using minnow traps deployed overnight in stream, river, lake and estuarine slough shallow-water habitats (see Tables 1, 2 and Fig. 2 for complete set of collections). Stickleback were collected from both marine and freshwater sites along the coast and from freshwater habitats in the Willamette Basin and central Oregon following previously published protocols (Cresko et al. 2004) . All collections were made according to approved University of Oregon IACUC protocols and under the auspices appropriate state and federal collecting permits.
The caudal fin and both pectoral fins from ethanolpreserved fish were removed for DNA extraction. The soma and fin clips of each fish were labelled with a unique identification number designating the collection and individual. Fin clips were stored at À80°C, and soma were fixed in 10% formalin solution overnight. Soma were cleared and stained in order to visualize mineralized skeletal traits according to previously published protocols (Cresko et al. 2004) .
RAD library preparation and sequence analysis
Extracted genomic DNA was normalized to a concentration of 25 ng/lL in 96-well plates and processed into RAD libraries according to (Etter et al. 2011a) , using the restriction enzyme SbfI-HF (NEB). This same enzyme has been used in previous population genomic studies of Alaskan threespine stickleback (Hohenlohe et al. 2010b (Hohenlohe et al. , 2012a , making direct comparison of results possible. Libraries were sequenced in four lanes on an Illumina HiSeq2000 and six lanes on an Illumina GAIIx according to manufacturer's instructions. Raw sequence reads were demultiplexed using Stacks . Only those reads of sufficiently high sequencing quality, and that had the correct barcode and an unambiguous RAD site, were retained (Table 2) . Demultiplexed reads were aligned to the threespine stickleback reference genome (version BROADs1, Ensembl release 64) using GSnap (Wu & Watanabe 2005) . We required unique alignments, allowing for a maximum of five mismatches, the presence of up to two indels and no terminal alignments. This last criterion prevented large fractions of either end of the sequence read from being soft masked. Aligned reads were analysed in Stacks, which derived each locus from overlapping GSnap alignments to produce a consensus sequence. SNPs were determined and genotypes called using a maximum-likelihood statistical model implemented in Stacks (Hohenlohe et al. 2010b Catchen et al. 2011) . To include a locus in the analysis, we required it to be present in all nine populations and genotyped in at least 75% of the samples of each population; nearly all of the loci fit these criteria (Fig. S1 , Supporting information). The small number of loci that did not meet these thresholds were removed from further analysis. For more details on the use of the Stacks software package for studies of model and nonmodel organisms see (Catchen et al. , 2013 .
Population genetic statistics (major allele frequency, percent polymorphic loci, nucleotide diversity (p) and Wright's F statistics F IS and F ST ) were calculated for every SNP using the POPULATIONS program in Stacks. For bi-allelic SNP markers, p is a measure of expected heterozygosity and therefore a useful overall measure of genetic diversity in a population. F IS measures the reduction in observed heterozygosity as compared to expected heterozygosity for an allele in a population, and positive values indicate nonrandom mating or cryptic population structure (Nei 1975 (Nei , 1987 Nei & Kumar 2000; Hartl & Clark 2006; Holsinger & Weir 2009) . Several core population genomics statistics and analyses are now included in the Stacks software package (see Catchen et al. 2013; this volume) , including kernel-smoothed values of p, F IS and F ST . Values for these statistics are part of the standard output of Stacks. All plots of p, F IS and allele frequency spectrum presented in this paper were produced by analysing these output data in the software package R (R Core Team Table 2 Summary statistics for all populations of restriction-site associated DNA-sequencing (RAD-seq) data processing, including the number of individuals included in the final analyses (N), and the read length of Illumina data used (Read Length). For each population the per individual average of raw read counts (Raw Read Count), the number of high quality reads that were successfully aligned to the stickleback genome (GSNAP Aligned), and the number of the aligned reads subsequently fed into Stacks (Used by Stacks) is presented. These counts are also presented as percentages, with the final column presenting the summary of the overall percentage of raw read counts that were included in the final analysis. The bottom row presents the overall total count of individuals used in the analysis, as well as the total means presented for each of the counts and percentages. These data clearly show that the large majority of raw RAD-seq reads were utilized by Stacks for the population genomic analyses In order to analyse the organization of the populations using multilocus genotypic information, we used the POPULATIONS program in Stacks to output SNP data from across all RAD sites into a STRUCTURE-format file (Pritchard et al. 2000; Falush et al. 2003 Falush et al. , 2007 Hubisz et al. 2009 ). Due to computational limitations of handling many more than this number of loci in the current STRUCTURE application, we implemented a custom Perl script to randomly choose 1000 of these SNPs. A STRUC-TURE output option, along with several other output options, is included in Stacks version 1.0 (see Catchen et al. 2013, this volume) .
STRUCTURE analyses were performed on the complete set of data comprising all nine populations and then separately on each population to more precisely determine if, within populations, fine structure exists, but was obscured by the major axes of structure in the overall data set analysis. For all analyses, 20 000 burnin steps and 20 000 replicates were used, with at least 10 replicates for each of several values of K, where K is the number of genotypic groups. For the entire population set, K ranged from 1 to 10, whereas for the analysis of each separate population, the values of K ranged from 1 to 5. The optimal K for each analysis was chosen using the deltaK method of Evanno et al. (2005) and visual inspection of the change in the Ln P(D) of each model.
We also imported this same set of 1000 SNPs into the program GenoDive (Meirmans & Van Tienderen 2004) to perform various tests of population differentiation. We first calculated pairwise F ST values for all population pairs, accompanied by 80 000 randomization tests in order to test the hypothesis that each F ST value is different from zero. We used a strict Bonferroni correction due to the multiple comparisons (Rice 1989) . We also tested a higher level of population structure (populations nested within geographic region) using an AMOVAbased approach (Excoffier et al. 1992) implemented in GenoDive. Finally, to fully visualize the major axes of genetic variation, we performed a principle component analysis (PCA) with an associated permutation test among populations (10 000 replicates, Goudet et al. 1996) to identify axes that contribute to population structure, and plotted population means for the first two major axes of genetic variation. We used the same set of 1000 loci in Spagedi (Hardy & Vekemans 2002) and Arlequin (Excoffier & Lischer 2010) and obtained qualitatively similar results across all packages as well as in Stacks. Finally, we examined the consistency across multiple independent random samples of 1000 loci and found the results to be very robust.
Results
Sequence data quality and processing
Ten lanes of sequencing produced a total of more than 821 million reads derived from 578 individuals, of which >599 million reads passed our stringent quality threshold ( Table 2 , Fig. S1 , Supporting information). After requiring loci to be present in all nine populations and in at least 75% of individuals from each population, 25 679 RAD loci were retained that contained zero, one or more SNPs. All populations were well represented in the data set (Table 2 and Fig. S1 , Supporting information). An average of 84% of the reads were aligned to the genome. Certain reads did not uniquely align primarily because they were from RAD sites that existed in regions of highly repetitive sequences, or because they fell into gaps in the present reference stickleback genome assembly. This second scenario is clearly identified because many of the unaligned reads form perfectly good stacks de novo (i.e. without genome alignment). Of the reads that were aligned to the reference genome, nearly 99% of them were used in subsequent analyses (Table 2) . In all cases, significant sample sizes were obtained to address our research goals and provide precise point estimates for population genomic statistics.
Genetic diversity within Oregon threespine stickleback populations
For all loci that were polymorphic in at least one population in the entire data set, the average major allele frequency (P) ranged from 0.948 to 0.983 and the average observed heterozygosity ranged from 0.0229 to 0.0714 (Table 3) . When considering all nucleotide positions, including those not polymorphic anywhere in the data set, as expected, the values increase to 0.998-0.999 for the major allele frequency P, and the observed average heterozygosity decreases to a range from 0.0011 to 0.0034. The central Oregon populations demonstrated markedly reduced levels of genetic diversity as compared to the other populations (Table 3 ). This reduction in genetic variation of the central Oregon populations was particularly evident in the percentage of loci that are polymorphic. For sites that were polymorphic in at least one of our nine populations (Table 3 , 'Variant positions'), the percentage of polymorphic loci in coastal Oregon and Willamette Basin populations ranged from approximately 26% to 62%. For all three central Oregon populations, however, the percentage of polymorphic loci was between only 6% and 10%. Therefore, the coastal oceanic populations have approximately 10 times the number of polymorphic loci present in the central Oregon populations.
In a previous study using similar RAD-seq approaches (Hohenlohe et al. 2010b) , the overall nucleotide diversity (p) in stickleback populations in postglacial Alaska was found to be 0.00336 across populations and between 0.0020 and 0.0027 within each population (Hohenlohe et al. 2010b) . In concordance with these previous findings, we found similar levels of average nucleotide diversity in Oregon populations (0.0011-0.0037). However, when considering the geographic distribution of the nucleotide diversity averaged across all sites, it is clear that the Oregon coastal and Willamette Basin locations demonstrate markedly higher values of nucleotide diversity (0.0028-0.0037) as compared to the Alaskan populations (0.0020-0.0027). In sharp contrast, we found notably lower genetic diversity in the central Oregon populations (Table 3 ) than in Alaska and other populations from Oregon, with p values ranging from 0.0011 to 0.0014, and with the lowest values from the high-altitude Paulina Lake.
Related to these diversity measures, we found the allele frequency spectrum of major alleles across loci to be markedly variable across the populations (Fig. 3) . Whereas, the coastal and Willamette Basin populations all exhibited a distribution of major allele frequencies consistent with older, genetically diverse populations at or near evolutionary equilibrium, all three central Oregon populations exhibited spectra of allele frequencies that were skewed towards 1.0. Skewed distributions of this sort are indicative of young populations that were formed by a small set of founder individuals and that have yet to reach evolutionary equilibrium through the acquisition of new mutations or migrant alleles (Fisher 1958; Lewontin & Krakauer 1973; Wright 1978; Nei 1987; Nei & Kumar 2000; Hartl & Clark 2006) .
Genetic and geographic relatedness of Oregon stickleback populations
To assess the genetic relatedness of Oregon stickleback populations, we calculated the average F ST for pairwise comparisons of all sampled populations in the present study (Table 4 and Fig. 4) . Using a numerical randomization approach of 1000 randomly chosen loci, we found that all pairwise F ST values were statistically significantly different from 0 at the alpha = 0.05 level when using a strict Bonferroni correction for multiple comparisons (P < 0.00012 for each comparison). Because Table 3 Summary genetic statistics for all populations split into those calculated for only nucleotide positions that are polymorphic in at least one Oregon population (top, 'Variant positions'), as well as all nucleotide positions across all restriction-site associated DNA (RAD) sites regardless of whether they are polymorphic or fixed (bottom, 'All positions'). These statistics include the average number of individuals genotyped at each locus (N), the number of variable sites unique to each population (Private), the number of polymorphic (top) or total (bottom) nucleotide sites across the data set (Sites), percentage of polymorphic loci (% poly), the average frequency of the major allele (P), the average observed heterozygosity per locus (H obs We also used an AMOVA approach to more precisely partition the genetic variation across individuals within populations, populations within regions (coastal, Willamette Valley and central Oregon) and across regions (Table 5 ). These results confirmed the pairwise phylogeographic and F ST results. We found that the majority (~40%) of the genetic variation that is not attributable to variation among individuals (54%) was partitioned across regions, whereas only about 6% of the variation was accounted for by differences among populations nested within the geographic regions. A PCA of the entire genetic data set supported this final point. The first PC explained nearly 90% of the total variation in the data set (Table 6 ) and was the only statistically significant PC as determined by permutation. A bivariate plot of population means along PC1 and PC2 axes clearly shows that this first major axis defines the differences between coastal populations and those in the Willamette Valley and central Oregon (Fig. 5 ).
Among and within population structure of Oregon stickleback
To test for any indication of cryptic assortative mating or hidden population structure, we examined Wright's inbreeding coefficient, F IS , which measures reductions in observed heterozygosity with respect to that expected under Hardy-Weinberg Equilibrium (HWE; Wright 1931 Wright , 1978 Slatkin 1991; Charlesworth 1998 ). An usually large average value of F IS can indicate significant assortative mating or cryptic population genetic structure and recent hybridization. When considering all loci that are polymorphic across Oregon populations, the average values of F IS did not indicate significant cryptic population structure or assortative mating (Table 3) . Although the distribution of F IS values supports this primary point, a small but marked collection of outlier loci with significant F IS could clearly be seen when comparing the global distribution of values across all loci in all populations (Fig. S2 , Supporting information). Similarly, within each population, the majority of loci had an F IS value of zero or nearly so, indicating a lack of overall cryptic population structure. However, for the coastal oceanic populations (top row of Fig. 6 ), a noticeable fraction of loci exhibited F IS values >0. These higher values were present, but to a lesser degree, in the coastal freshwater populations (Pony Creek and Winchester Creek) and the Willamette Basin population, and noticeably depleted in the central Oregon populations (bottom row of Fig. 6 ). When only the loci polymorphic locally within each focal population were examined, however, the average F IS values increased markedly within all but the central Oregon populations (Table 3) , indicating the possibility of cryptic population structure in coastal and central Oregon populations. As a further test of potential population structure, we analysed 1000 randomly chosen SNPs using the software package STRUCTURE (Pritchard et al. 2000; Falush et al. 2003 Falush et al. , 2007 Hubisz et al. 2009 ). Because loci in tight linkage should be avoided in STRUCTURE analyses (Pritchard et al. 2000) , and multiple SNPs originating from a single RAD site are assumed to be in perfect linkage, only one SNP was chosen from each selected RAD site. By examining the change in Ln P(D), and using the deltaK approach of Evanno et al. (2005) , we found that a model with K = 5 best fits the data (Fig. S3, Supporting  information ). An examination of the plot of posterior probabilities (Fig. 7) clearly shows these five groupings. At the highest level of structure, the Oregon coastal populations are separated from the Willamette Basin and central Oregon populations. The Oregon coast populations were further separated into genotypes that represent a likely combination of oceanic alleles (Fig. 7,  red) , and two separate sets of freshwater combinations of alleles (Fig. 7 , blue and green). These genotypic combinations appear to be present to varying degrees in individuals in each of the populations, supporting the possibility of cryptic population structure due to admixture between locally adapted marine and freshwater populations.
A more focused analysis using STRUCTURE within each population supported the hypothesis of introgressive hybridization between differentiated populations in Millport Slough, and potentially in Winchester Creek and South Jetty, although additional data will be required to fully test this hypothesis. In particular, Millport Slough exhibited equal proportions of two different genotypic classes in most individuals in the overall analysis, and a focused STRUCTURE analysis supported the presence of two genotypic clusters (Fig. S3, Supporting information) .
In contrast to the patterns of mixed classes of genotypes in the coastal populations, the Willamette Basin and central Oregon populations tell a simpler story. All central Oregon populations clearly fell into a single group, and the dominant genotypes of these populations were present at low frequency in the Riverbend Willamette Basin population. Little evidence existed for cryptic population structure in Riverbend when examined individually using STRUCTURE, and the presence of some central Oregon genotypes (yellow in Fig. 7) in the overall analysis was likely due to the sampling of a subset of alleles from this or a related valley population to form the central Oregon populations.
Genomic architecture of nucleotide diversity and inbreeding coefficients
We performed sliding window analyses of both nucleotide diversity (p) and Wright's inbreeding coefficient (Figs 8 and 9) and found significant variation in values of p across the stickleback genome in the various populations. As expected, we found that overall levels of diversity across the stickleback genome were highest in the coastal populations. This result is expected for populations experiencing significant levels of gene flow. Supporting this inference was the observation that regions of higher and lower genetic diversity were localized to similar regions of the stickleback genome in each of these populations (Fig. 8) . For example, much of linkage group IV (LGIV) exhibited elevated levels of genetic diversity in all four populations. The Riverbend population exhibited slightly lower overall levels of genetic diversity and had distinct patterns of genomically localized high or low values of p as compared to the coastal populations. Examination of the p values for South Twin Lake, Paulina Lake and Crooked River revealed a strikingly different pattern, however. In addition to a clear global average reduction in genetic diversity, patterns of increased diversity were still evident in some genomic regions. However, these genomic regions often did not match those present in the coastal populations. For example, although the distal end of LGIV exhibited high levels of genetic diversity, most of the rest of the linkage group showed very low levels of diversity, in clear contrast to the results from the coastal and Willamette Basin populations.
The genome-wide pattern of F IS values across populations was even more telling. As expected from the π Value for each population Genomic location (mBases) Fig. 8 Genome-wide distribution of smoothed p values across the stickleback genome. The x-axis is the entire stickleback genome in megabase pairs of sequence (mBases), with alternating grey and white representing the stickleback linkage groups. The populations are presented from top to bottom roughly from the coast eastward to central Oregon (coastal oceanic, black; coastal freshwater, blue; Willamette Basin, red; central Oregon, green). Significant variation exists across the genomes of each population, but a general reduction in genetic diversity is clearly seen in the central Oregon populations (South Twin Lake, Paulina Lake and Crooked River). structure and average F IS analyses, the Cushman Slough and South Jetty populations showed low average F IS and variation in values across the genome that were episodically punctuated by high positive values. A notable exception was LGXIX, which consistently exhibited outlier F IS values in all populations due to the presence of a nonrecombining sex-determining region on this linkage group Ross & Peichel 2008; Ross et al. 2009) . A pattern of low average F IS and variance, as seen in these populations, is indicative of older, stable populations. Another pattern emerged when examining Pony Creek Reservoir and Riverbend, and particularly Winchester Creek and Millport Slough. Many more genomic regions exhibited higher F IS values and more significant variation, as one might expect due to cryptic population structure stemming from processes such as recurrent introgressive hybridization between differentiated populations. For example, regions of LGVII in Winchester Creek exhibited large regions of increased F IS . Finally, the genomic F IS patterns in the three central Oregon populations (South Twin Lake, Paulina Lake and Crooked River) presented strikingly different patterns from the rest of the populations, with much more significant variation in F IS values. Numerous locations of the genome showed strong positive values of F IS . Remarkably, many of these values were strongly negative, which is difficult to explain in stable populations because it represents an excess of heterozygosity over that expected by HWE. 
Discussion
Genetic diversity within Oregon coastal and Willamette Basin threespine stickleback populations is higher than previously documented in Alaska
We found significant amounts of genetic diversity in each of the Oregon threespine stickleback populations, the levels of which were in most cases demonstrably higher than previously documented in RAD-seq studies of Alaskan stickleback populations (Hohenlohe et al. 2010b) . Whereas, the average values of nucleotide diversity (p) in Alaskan oceanic and freshwater populations were between 0.0020 and 0.0027 within each population, we document here that the average within population p levels ranged from 0.0028 to 0.0037 in the coastal and Willamette Basin locations, an approximately 50% increase in genetic diversity over the values seen in Alaska. In contrast, the values of p were much lower in the central Oregon populations (0.0011-0.0014) than in other Oregon populations, or in Alaskan oceanic and freshwater populations. These patterns of genetic diversity extended across the entire genome as can be seen in the genome-wide plots of p (Fig. 8) . In particular, the central Oregon populations showed a genome-wide reduction in nucleotide diversity, although some discrete segments of increased genetic diversity were retained. These findings indicate that coastal and Willamette Basin populations maybe older, and perhaps larger, than those in Alaska, or are experiencing more recurrent gene flow in the case of the coastal populations, allowing for greater accumulation of genetic variation.
Genetic and geographic relatedness of Oregon threespine stickleback populations
Despite the greater levels of overall genetic diversity, we found similar levels of divergence between coastal oceanic and freshwater populations in Oregon (F ST values from~0.02 to 0.05) as had previously been reported for Alaskan populations (Hohenlohe et al. 2010b) . However, we discovered significantly more genetic partitioning between the inland and the oceanic populations (F ST from~0.07 to 0.17), and even more divergence between the freshwater coastal and inland stickleback populations (F ST~0 .16-0.31). This increased level of genetic diversity may reflect an expanded amount of time since the founding of the inland Oregon populations as compared to the relatively young Alaskan populations, and continual gene flow between the Oregon coastal oceanic and coastal freshwater populations that is absent with the inland populations.
Although the divergence between the coastal oceanic and freshwater populations was similar to that previously documented for Alaskan freshwater-ocean pairs, the Willamette Basin and central Oregon populations were very highly differentiated from the coastal populations, with F ST values much higher than we found for any population pairs in Alaska (Hohenlohe et al. 2010b ) and among the highest ever documented for this species. Supporting this point, the majority of genetic variation was partitioned between coastal as compared to Willamette Basin and central Oregon populations as determined by AMOVA and principle component analyses (Tables 5 and 6, Fig. 5 ). The population genetic data presented here, in combination with the relatively stable geological history of the Willamette Basin and absence of glaciation during the last maximum, support the hypothesis that inland, freshwater stickleback in Oregon may be much older (millions of years) than those in recently deglaciated regions (thousands of years). If true, these populations will be a valuable resource for understanding the global history of ancestral genetic variation that is apparently reused repeatedly during adaptation to freshwater and oceanic habitats (Colosimo et al. 2005; Hohenlohe et al. 2010a Hohenlohe et al. ,b, 2012a Jones et al. 2012) .
Evidence for cryptic population structure in coastal and Willamette Basin populations
The very high levels of genetic diversity seen in nearshore oceanic populations, such as Millport Slough and South Jetty, may indicate that these locations are zones of contact of different stickleback adapted to alternative environments increasing the rate of introgressive hybridization. If the individuals we included in our analyses from a single location were from different subpopulations, we would expect significant increases in the percent polymorphic loci and other values of genetic diversity. These observations led us to hypothesize that cryptic structure might exist in some populations. To test this hypothesis, we analysed the genome-wide average values of Wright's inbreeding coefficient F IS for each population, as well as the distributions of this statistic across the stickleback genome in each population. Although we found that, when all loci are examined, the F IS values are close to zero, the average F IS values are appreciable when examining only the loci that are polymorphic in the focal population (Table 3) . Using only these loci is appropriate because the average value could be biased towards zero simply because a large number of monomorphic loci exist within each population.
This pattern of Oregon stickleback population structure can be clearly seen in the distribution of Bayesian posterior probabilities of group assignment for each individual with respect to their collecting location (Fig. 7) . The STRUCTURE analysis supported five clusters of populations that can be most easily understood in terms of geographic isolation from coastal Oregon to central Oregon. All coastal populations contained a number of individuals with a significant multilocus signature of oceanic alleles. This was particularly true of the Cushman Slough and South Jetty populations, which comprise individuals that primarily belonged to one group (Fig. 7, red) . In addition, the freshwater Pony Creek Reservoir population contain individuals that predominately have a multilocus genotype signature that is indicative of a freshwater genotype and that are also at low frequencies in the Cushman and South Jetty populations. Interestingly, the Millport Slough and Winchester Creek populations appeared to have a significant number of individuals with a range of mixtures of both the oceanic and freshwater genotypes, possibly the result of ongoing hybridization between fish from the two habitats.
Another genotypic combination was only found in Millport Slough (Fig. 7, blue) . This novel genotypic combination may be representative of introgressive hybridization with a local freshwater population that was not included in our sample. Subsequent genome analyses of freshwater populations in this region are needed to test this hypothesis. In contrast to the coastal populations, the Riverbend Willamette Basin and central Oregon populations showed a simpler pattern of population structure, with Riverbend comprising genotypic combinations that were largely unique to this sampling location (Fig. 7, purple) , while all of the central Oregon populations were designated as members of a separate unit. Interestingly, the central Oregon specific genotypic combinations were present at low frequency in the Riverbend population (Fig. 7, yellow) .
Furthermore, when examining the global distribution of F IS values, the majority of loci were close to zero, but an appreciable number were above this value and approaching 1. This may indicate regions of the genome that show population structure due to local adaptation and barriers to introgressive hybridization. Anadromous Alaskan stickleback populations exhibit localized breeding that is offset from local resident freshwater populations (Gelmond et al. 2009 ). In contrast, stickleback seem to breed for more of the year in Oregon, and many of the freshwater and oceanic populations in Oregon have the opportunity for consistent introgressive hybridization (Yeates-Burghart et al. 2009 ).
Genomic localization of diversity signatures
An important benefit of the density of loci that can be assayed via RAD-seq is the possibility of discovering genomic regions of increased population structure that are recalcitrant to gene flow (Via & Hawthorne 2002; Via & West 2008; Feder & Nosil 2009; Via 2009; Nosil & Feder 2012a,b) . These genomic regions are particularly exciting because they may represent signatures of local adaptation or islands of divergence with gene flow, and may even be islands of speciation (Coyne 1992; Rieseberg 2001; Orr 2005; Hoffmann & Rieseberg 2008; Nosil 2008; Via & West 2008; Strasburg et al. 2009 Strasburg et al. , 2012 Turner & Hahn 2010; Fan et al. 2012; Nosil & Feder 2012a,b; Renaut et al. 2012) . As a first look at the genomic localization of these regions, we found more variation in F IS values across the genome in populations that appear to exhibit cryptic population structure (Millport Slough and Winchester Creek in Fig. 9 ). Although the average F IS value for these populations was still near zero, as it was for Cushman Slough and South Jetty, particular locations exhibited increased levels of F IS (e.g. LGVII in Winchester Creek). These genomically localized signals of assortative mating provide a starting point for more detailed studies of potential genomic islands of divergence, particularly in the Millport Slough and Winchester Creek populations.
The origin of central Oregon stickleback populations
The diversity, AMOVA, STRUCTURE, F IS , and principle component analyses all allowed us to address a specific hypothesis regarding the origins of the unusual central Oregon populations of stickleback, which are some of the most inland and highest altitude populations of stickleback in western North America. The South Twin Lake and Crooked River are >1000 m above sea level, and at almost 2000 m above sea level, the population in Paulina Lake is to our knowledge the highest elevation stickleback population. The origin of these central Oregon stickleback has been an open question because significant increases in population densities of these fish were documented in the 1980's after not having been previously documented in these watersheds (Oregon Department of Fish and Wildlife, pers. comm.). These stickleback may have been resident for an extensive period of time, and increasing population densities may have been caused by environmental changes due to local (e.g. increasing nutrification) or global (e.g. climate change) anthropogenic environmental changes. Alternatively, these stickleback may have been introduced in the 1970s or early 1980s from a different location in Oregon, and then multiplied dramatically within the first few years after their introduction.
Our data clearly support the latter hypothesis, that stickleback were recently introduced into central Oregon. The percent polymorphic loci, average nucleotide diversities and heterozygosities are lower in the central Oregon populations, and the allele frequency spectra of these populations are biased towards values of 1.0, as would be expected for recently formed populations. The genome-wide patterns of reduced nucleotide diversity and increased variation in F IS also support the recent introduction hypothesis. Finally, F ST values are low between all pairs of Paulina Lake, South Twin Lake and Crooked River, indicating their close genetic relatedness (Fig. 4 Paulina Lake and South Twin Lake are formed in isolated volcanic calderas (Sytsma et al. 1985) . Paulina Lake is a popular fishing location in the Newberry Crater that likely formed following the collapse of the Newberry volcanic peak 20-25 000 years ago. Paulina Lake has no connectivity from any downstream water bodies, as its perennial outflow to the Deschutes River descends an impassible, vertical waterfall (Sytsma et al. 1985) . South Twin Lake has a similar geologic history and also lacks connectivity with other water bodies. More than 700 km upstream and two mountain ranges away from the ocean, Crooked River also has no realistic connectivity with an ancestral stickleback habitat. Despite these biogeographic barriers, the divergence among these central Oregon populations is very low. The strongest piece of evidence for a recent introduction into central Oregon is the observation that the divergence between these populations and the Willamette Basin population is similarly very low despite being separated by hundreds of kilometres. The central Oregon and Willamette Basin populations are as geographically isolated from one another as the Willamette Basin populations are from the coastal populations, and yet the former are much less differentiated than the latter.
In addition, the STRUCTURE analyses of these populations provide evidence of similar multilocus genotypes present in the Riverbend population as exist in the central Oregon populations, a scenario expected if the latter populations were founded by a small number of colonists transplanted from the Willamette Basin and representing a subset of the genetic variation present in this region. Finally, the genome-wide pattern of F IS also provides evidence of a recent population expansion. For each of the three central Oregon populations, much more variation in F IS values is seen across the genome than in any other population in our study (Fig. 8) . Remarkably, many of these values are strongly negative, which is difficult to explain in stable populations because negative F IS values represent an excess of heterozygosity over that expected by HWE. However, if, as we hypothesize, these populations are the product of recent and rapid expansion, accompanied by significant bouts of ongoing natural selection, then this pattern may not be surprising. Patterns of high variance in F IS , with significant negative values, can be attained in nonequilibrium populations due to founder effects and rapid expansion, associative overdominance due to heterogeneous selection, and dynamic patterns of gene flow in an unstable metapopulation.
Our data therefore support what is already a strong hypothesis for the origin of stickleback populations east of the Cascade Mountains; they are the outcome of a recent introduction by humans. Nonetheless, the fish that inhabit these central Oregon locales are phenotypically different from the Willamette Basin population to which they have genetic affinity (data not shown), indicating that selection may have rapidly moved them towards a different freshwater phenotype after introduction. A fruitful area of future research will be to examine the genomic regions that have lead to the local adaptation to the new habitats in central Oregon in the last four decades since their introduction, particularly to the high-altitude population in Paulina Lake.
Conclusions
Here we report the first population genomic analyses of Oregon populations of threespine stickleback that live in habitats never glaciated during the last glacial maximum. We find higher levels of genetic diversity in these populations as compared to those in Alaska previously studied using similar RAD-seq methods. Also similar to what we previously documented in Alaska stickleback, we find little overall population structure exists among the oceanic stickleback populations, and small but significant differentiation of the coastal freshwater populations from the oceanic stickleback. In addition, we find evidence of cryptic population genetic structure within local geographic regions, particularly in the coastal oceanic and coastal freshwater populations. These data are consistent with persistent introgressive hybridization between oceanic and freshwater populations along the coast. In contrast, the inland populations of stickleback in both the Willamette Basin and central Oregon are significantly more differentiated from the coastal populations than any pairs of populations we previously examined in Alaska. Finally, the genetic and genomic affinity between Willamette Basin and central Oregon populations clearly support a recent human introduction of stickleback into habitats east of the Cascade Range, providing a novel opportunity to examine the genomic basis of rapid adaptation to these highaltitude environments. 
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Fig. S3
The top graph shows the Ln P(D) for all k values for all nine populations, whereas the bottom is the deltaK value of Evanno et al. (2005) . The deltaK value was used to choose the number of clusters for the STRUCTURE analysis. The full data set supported a k value of 5, while the Millport Slough data set showed two distinct classes of genotypes.
